Introduction
============

Inner medullary collecting duct (IMCD) is the last part of the collecting duct system, which connects the nephrons to the ureter ([@b1-mmr-21-01-0258]). The main function of IMCD is maintenance of body water homeostasis through regulation of electrolyte and fluid balance by managing the reabsorption and excretion of sodium ions (Na^+^) and water along with hormonal regulation ([@b2-mmr-21-01-0258]--[@b4-mmr-21-01-0258]). However surprisingly, IMCD also plays a pivotal role in inflammatory responses of the kidney, because it is a preferred site for *Escherichia coli* adherence ([@b5-mmr-21-01-0258]). Previous studies have reported that pro-inflammatory mediators such as inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and cytokines are produced by IMCD through various stimuli ([@b6-mmr-21-01-0258]--[@b8-mmr-21-01-0258]). However, regulation of inflammatory responses of IMCD cells during renal injury has not been studied in depth.

Berberine (BBR) is an isoquinoline alkaloid and the major compound of *Coptidis rhizoma* and *Cortex Phellodendri*. Both these plants have been used to treat gastroenteritis, secretory diarrhea, febrile illness, and hepatobiliary diseases in Chinese traditional medicine ([@b9-mmr-21-01-0258],[@b10-mmr-21-01-0258]). BBR has been reported to have biochemical and pharmacological effects such as antidiabetic, anticancer, anti-fibrotic, antibacterial, antioxidant, and anti-inflammatory ([@b11-mmr-21-01-0258]--[@b15-mmr-21-01-0258]). Recent studies have reported that BBR ameliorates renal conditions such as podocyte injury, nephrotoxicity, acute hepato-renal toxicity, and type 2 diabetic nephropathy ([@b9-mmr-21-01-0258],[@b16-mmr-21-01-0258]--[@b18-mmr-21-01-0258]). Additionally, BBR inhibits LPS-induced inflammation in rat glomerular mesangial cells and LPS-induced oxidative stress in rat kidneys ([@b19-mmr-21-01-0258],[@b20-mmr-21-01-0258]). However, the beneficial properties of BBR in LPS-induced inflammatory responses in mouse IMCD-3 cells have not been reported.

Therefore, we firstly examined the potential effects of BBR on LPS-treated mIMCD-3 cells. So, we investigated the production of inflammatory mediators such as iNOS, COX-2, IL-1β, IL-6, and TNF-α in LPS-exposed IMCD cells. Secondly, we examined the regulating mechanisms of BBR including NF-κB and MAPKs against LPS in mIMCD-3 cells.

Materials and methods
=====================

### Chemicals and reagents

Dulbecco\'s Modified Eagle\'s Medium/Ham\'s Nutrient Mixture F-12 (DMEM/F-12) (cat. no. 11330-032), fetal bovine serum (FBS) (cat. no. 26140-079) and antibiotics (cat. no. 15140122) were obtained from Gibco; Thermo Fisher Scientific, Inc. N-acetylcysteine (NAC) (cat. no. A7250), Bay 11-7082 (cat. no. B5556), Parthenolide (cat. no. P0667) BBR (cat. no. B3412; Purity: 99%), LPS from *Escherichia coli* (cat. no. L2880; serotype 055:B5) and paraformaldehyde (cat. no. 158127) were purchased from Sigma-Aldrich; Merck KGaA. Tris-HCl (cat. no. \#161-0798; \#161-0799) and pre-stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) marker (cat. no. 1610395) were purchased from Bio-Rad Laboratories, Inc. Sodium dodecyl sulfate (cat. no. 18220) was purchased from Affymetrix; Thermo Fisher Scientific, Inc. Antibodies against iNOS (cat. no. sc-651), COX-2 (cat. No. sc-17454), Inhibitor kappa B alpha (Iκ-Bα) (cat. no. sc-371), NF-κB (cat. no. sc-372), β-actin (cat. no. sc-47778), and horseradish peroxidase-conjugated mouse anti-rabbit IgG (cat. no. sc-2357) and goat anti-mouse IgG (cat. no. sc-2005) were purchased from Santa Cruz Biotechnology. Antibodies against pERK (cat. no. \#9101), ERK (cat. no. \#9102), pJNK (cat. no. \#9251), JNK (cat. no. \#9252), pP38 (cat. no. \#9211), P38 (cat. no. \#9212), and Inhibitory kappa B alpha (Iκ-Bα) (cat. no. \#2859) were purchased from Cell Signaling Technology, Inc. Easy-blue™ Total RNA extraction kit (cat. no. 17061) was purchased from iNtRON Biotechnology. Enzyme-linked immunosorbent assay (ELISA) kits for anti-mouse IL-1β (cat. no. MAB401), IL-6 (cat. no. MAB406) and TNF-α (cat. no. MAB425) antibodies, and mouse IL-1β (cat. no. BAF401), IL-6 (cat. no. BAF406) and TNF-α (cat. no. BAF425) biotinylated antibodies were purchased from R&D Systems. Nuclear extraction kit (cat. no. 2900) was purchased from EMD Millipore. Trans AM NF-κB activation assay kit (cat. no. 40096) was purchased from Active Motif.

### Cell culture

Mouse inner medullary collecting duct (mIMCD-3) cells, the mouse renal epithelial cell line (cat. no. CRL2123), were purchased from the American Type Culture Collection (ATCC). mIMCD-3 cells were routinely cultured in DMEM/F-12 supplemented with 10% FBS and 1% penicillin/streptomycin, and were maintained in a humidified chamber containing 5% CO~2~ at 37°C and were used in passages 3--5.

### Cell viability assay

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was performed to detect the cytotoxicity of BBR on mIMCD-3 cells. The cells were seeded in each well of 24-well plates (5×10^4^ cells/well) and incubated with BBR at a concentration of 0.05, 0.1, 0.5, 1 or 10 µM for 24 h. Thereafter, the medium was changed, and cells were incubated with MTT solution (0.5 mg/ml) for 30 min at 37°C. The medium was removed and the purple colored precipitate of formazan was dissolved in 200 µl of dimethyl sulfoxide. Aliquots of the dissolved precipitate were taken in a 96-well plate, in duplicates, and estimated at 540 nm using a micro-ELISA plate reader.

### Reverse transcription-quantitative PCR (RT-qPCR)

Total RNAs were isolated with Easy-Blue™, and the purity of the samples was confirmed by RNA calculator (Gene Quant Pro, Biochrom). The total RNA extraction kit was used according to the manufacturer\'s instructions and reverse transcription of RNA (10 µg) to cDNA was performed using the ABI cDNA synthesis kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) (conditions: 37°C for 1 h, followed by 95°C for 5 min). TaqMan quantitative RT-PCR with an ABI StepOne Plus detection system was performed according to the manufacturer\'s instructions (Applied Biosystems; Thermo Fisher Scientific, Inc.). All qPCR data were normalized to the expression levels of the housekeeping gene hypoxanthine guanine phosphoribosyltransferase (HPRT). The thermocycling conditions used for qPCR were as follows: 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 10 sec and 60°C for 30 sec. The commercial forward, reverse, and probe oligonucleotide primers for multiplex real-time TaqMan PCR were purchased from ABI (cat. no. 4304437; Applied Biosystems; Thermo Fisher Scientific, Inc.). The 2^−ΔΔCq^ method was used to determine the relative mRNA expression level ([@b21-mmr-21-01-0258]).

### Flow cytometry analysis

mIMCD-3 cells treated with BBR (0.1, 0.5 or 1 µM) and LPS (5 µg/ml) for 24 h were harvested with cell scraper and washed with PBS by centrifugation for 5 min. Cells were then incubated with the blocking solution for 30 min at RT. Subsequently, cells were incubated with a PE-conjugated anti-mouse TLR4/MD-2 complex antibody (1:250; cat. no. 117605; BioLegend) for 30 min at 4°C. Data were acquired by BD FACS calibur cell analyser and analysed in CellQuest Pro software (BD Biosciences; Thermo Fisher Scientific, Inc.).

### Western blotting

The cells were washed with PBS and lysed with lysis buffer (1% cocktail of protease inhibitor and 1% phosphatase inhibitor in 1X RIPA Buffer). Protein concentration was determined by bicinchoninic acid assay. Subsequently, Total cell proteins (20 µg) were then separated by SDS-PAGE on a 10% gel and transferred to a PVDF membrane (cat. no. 10600023; GE Healthcare Life Sciences). The membrane was blocked with 5% skim milk in phosphate-buffered saline (PBS) with Tween-20 (PBST) for 2 h at room temperature (RT) and washed PBST for 10 min, three times. Then, incubated with primary antibody (1:1,000) at 4°C overnight: iNOS, COX-2, Ik-Ba, b-actin, pERK, ERK, pJNK, JNK, pP38 and P38. After washing three times with PBST, each blot was incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG or donkey anti-goat IgG secondary antibody for 1 h at RT. The proteins were visualized using an enhanced chemiluminescence detection system (cat. no. RPN2232; Amersham; GE Healthcare). Captures protein bands and quantitative analysis were performed using Quantity One^®^ software version 4.6.6 (Bio-Rad Laboratories, Inc.).

### ELISA

ELISAs for IL-1β, IL-6, and TNF-α were carried out in duplicates in 96-well plates coated with anti-mouse IL-1β, IL-6, and TNF-α monoclonal antibodies in PBS (pH 7.4) at 4°C overnight. The plates were washed with PBST and blocked with PBS containing 10% FBS for 2 h at RT. After two times washes, standards and samples were added and incubated for 2 h at RT, and then the wells were washed and biotinylated anti-mouse IL-1β, IL-6, or TNF-α were added and incubated for 1 h at RT. The wells were washed, avidin-peroxidase was added, and plates were incubated for 30 min at RT. The wells washing again and followed by the addition of TMB substrate. Color development was measured at 450 nm using an automated microplate ELISA reader. Standard samples were run on each assay plate by using serial dilutions of recombinant IL-1β, IL-6, and TNF-α.

### Immunocytochemistry

mIMCD-3 cells were plated in a chamber slide and incubated with LPS (5 µg/ml) for 30 min at 37°C. The cells were treated with BBR (1 µM) for 1 h before LPS treatment. The cells were fixed in 4% paraformaldehyde for 15 min at RT and washed 3 times with PBS. The cells were treated with 0.1% TritonX-100 for 15 min at RT. After washing, non-specific binding sites were blocked with serum (3% BSA) for 1 h at RT, and incubated with NF-κB antibody (1:250) at 4°C overnight. The cells were then washed and incubated with AlexaFluor^®^568 goat anti-rabbit IgG (1:2,000; cat. no. A-11011) for NF-κB antibody for 2 h at RT in a darkened room. For nuclear staining, the cells were incubated with DAPI (cat. no. H-1200; Vector Laboratories) at 5 µg/ml for 5 min at RT. The slide was finally washed and mounted for microscopic examination. Stained sections were visualized using a confocal laser microscope (Olympus).

### Nuclear extraction

mIMCD-3 cells were plated in 100-mm dishes (1×10^7^ cells/dish). Then, LPS (5 µg/ml) treated for 0, 15, 30 and 60 min with or without pretreatment of BBR (1 µM) for 1 h. Nuclear extraction assay performed according to the manufacturer\'s instructions. Briefly, cells were harvested with cell scraper and washed with PBS by centrifugation at 250 × g for 5 min. Add 1X Cytoplasmic Lysis Buffer (containing DTT and Protease inhibitor cocktail) to the pellet and incubation on ice for 15 min. Centrifuge at 250 × g for 5 min, discard the supernatant and add 1X Cytoplasmic Lysis Buffer. Five times drawing and ejecting by 27-gauge syringe, then centrifuge at 8,000 × g for 20 min. Discard supernatant, and add Nuclear Extraction Buffer (containing DTT and Protease inhibitor cocktail). Five times drawing and ejecting by 27-gauge syringe, then gently agitate on rotator at 4°C for 60 min. Centrifuge at 16,000 × g for 5 min, then supernatant was used for experiments.

### NF-κB p65 activation assay

NF-κB activation was determined in the nuclear extracts of mIMCD-3 cells, following the manufacturer\'s instructions. Briefly, 15 µg nuclear extract was added to a biotinylated oligonucleotide containing the NF-κB consensus site attached to the streptavidin-coated 96-well plates with agitation on rocking platform at 100 rpm for 1 h. Plates were washed with wash buffer to remove all the unbound reagents. NF-κB p65 primary antibody (1:1,000) was added for 1 h at room temperature without agitation, followed by a goat anti-rabbit secondary antibody conjugated with horseradish peroxidase (1:1,000) at room temperature without agitation. Subsequent to an incubation for 1 h at room temperature, 100 µl developing solution was added to all wells for 3 min at room temperature protected from direct light. The blue color development in the sample wells was monitored until it turned medium to dark blue. Subsequently, 100 µl stop solution was added and the blue color turned yellow. Finally, the absorbance value was ascertained using a spectrophotometer at a wavelength of 450 nm. As a positive control for NF-κB p65 activation, nuclear extracts from Jurkat cells, provided with the kit, were used.

### Statistical analysis

Results are expressed as the mean ± standard error of the mean (SEM). Statistical significance of intergroup differences was evaluated using two-way ANOVA, with time and dose as variables, followed by a Duncan\'s post-hoc test. All statistical analyses were performed using SPSS. P\<0.05 was considered to indicate a statistically significant difference. All experiments were carried out in triplicates.

Results
=======

### Effects of BBR on production of iNOS and COX-2

Before studying the biological activity of BBR, we performed the MTT assay to evaluate the cytotoxicity of BBR in mIMCD-3 cells. As shown in [Fig. 1A](#f1-mmr-21-01-0258){ref-type="fig"}, up to a dose of 1 µM, BBR did not affect cell viability. Thus, we chose BBR concentrations of 0.1, 0.5 and 1 µM for further experiments.

To determine the pro-inflammatory effects of BBR against LPS in mIMCD-3 cells, production of pro-inflammatory molecules such as iNOS and COX-2 after LPS stimulation in mIMCD-3 cells was investigated. In accordance with our previous report ([@b2-mmr-21-01-0258]), production of iNOS and COX-2 was elevated in LPS-exposed mIMCD-3 cells. However, the elevation of iNOS and COX-2 was significantly inhibited by BBR in these cells ([Fig. 1B-E](#f1-mmr-21-01-0258){ref-type="fig"}).

### Effects of BBR on production of pro-inflammatory cytokines

IL-1β, IL-6, and TNF-α are the representative pro-inflammatory cytokines known to be induced by LPS treatment in mIMCD-3 cells ([@b2-mmr-21-01-0258]). Thus, to measure the effects of BBR on the production of these pro-inflammatory cytokines in LPS-exposed mIMCD-3 cells, we investigated the mRNA and protein expression of IL-1β, IL-6, and TNF-α after LPS stimulation. As reported earlier ([@b2-mmr-21-01-0258]), LPS treatment increased the mRNA and protein levels of IL-1β, IL-6, and TNF-α in mIMCD-3 cells. However, BBR treatment inhibited the induction of IL-1β, IL-6, and TNF-α mRNA and protein levels in a dose-dependent manner ([Fig. 2](#f2-mmr-21-01-0258){ref-type="fig"}).

### Effects of BBR on activation of NF-κB and MAPKs

Since BBR was effective in inhibiting pro-inflammatory mediators in LPS-treated mIMCD-3 cells, we sought to investigate the mechanistic details of the beneficial activity of BBR. Firstly, to rule out the possibility that BBR directly regulates LPS or TLR4, we examined the effect of BBR on TLR4/MD2 complex expression. The methods of Limulus amebocyte lysate (LAL) assay and RT-qPCR are described in Data S1. As shown in [Fig. 3A](#f3-mmr-21-01-0258){ref-type="fig"} and [Fig. S1](#SD1-mmr-21-01-0258){ref-type="supplementary-material"}, BBR did not directly affect LPS and TLR4 expression in mIMCD-3 cells, which means BBR regulates the down-streams upon TLR4-LPS interaction. Thus, we ought to examine the activation of NF-κB and MAPKs, because activation of both signaling pathways produce pro-einflammatory mediators ([@b22-mmr-21-01-0258]). As shown in [Fig. 3B-E](#f3-mmr-21-01-0258){ref-type="fig"}, LPS stimulation triggered Iκ-Bα degradation, NF-κB p65 translocation from cytosol to nucleus, elevation of NF-κB p65 binding activity, and MAPK phosphorylation. However, treatment with BBR inhibited Iκ-Bα degradation, NF-κB p65 translocation and NF-κB p65 binding activity elevation but not MAPK phosphorylation.

### Effects of NF-κB on production of inflammatory mediators

To evaluate whether NF-κB deactivation could contribute to amelioration of inflammatory responses in LPS-treated mIMCD-3 cells, we used three well known NF-κB inhibitors (NAC, Bay 11-7082, and Parthenolide). As is known, three inhibitors could block NF-κB p65 translocation from nucleus to cytosol against LPS treatment in mIMCD-3 cells ([Fig. S2](#SD1-mmr-21-01-0258){ref-type="supplementary-material"}). Next, we hypothesized that NF-κB inhibitors might downregulate the production of pro-inflammatory mediators, similar to BBR. As expected, NF-κB inhibitors treatment reduced the mRNA levels of iNOS, COX-2, IL-1β, IL-6, and TNF-α after LPS treatment in mIMCD-3 cells to a similar degree as in the cells treated with BBR ([Fig. 4](#f4-mmr-21-01-0258){ref-type="fig"}).

Discussion
==========

In this study, we revealed that BBR inhibited LPS-mediated inflammatory responses in mIMCD-3 cells. LPS stimulation induced the expression of pro-inflammatory mediators (iNOS and COX-2) and pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) in mIMCD-3 cells. However, BBR treatment could inhibit these inflammatory mediators and cytokines dramatically. In addition, the mechanism underlying the inhibitory effects of BBR upon LPS stimulation involved the inhibition of NF-κB activation. Our results show that BBR suppresses LPS-mediated inflammation via NF-κB deactivation in mIMCD-3 cells.

Since BBR is so popular with variety biochemical and pharmacological effects and cheap, there are already many ready-to-use drugs associated with BBR. Today, BBR has been developed to dietary supplement, and BBR was approved Unique ingredient identifier (UNII) by FDA (UNII: 0I8Y3P32UF). Based on this information, we can easily examine the beneficial potential of BBR in both non-clinical and clinical experiments. In non-clinical experiments, Pietra *et al* ([@b13-mmr-21-01-0258]) reported that BBR reduce fibrosis and inflammatory cytokine in human dermal fibroblasts *in vitro*. It was also reported that BBR could protect ulcerative colitis and neuropathic pain in mice ([@b23-mmr-21-01-0258],[@b24-mmr-21-01-0258]). In addition, many researches have focused on the beneficial effects of BBR in renal diseases. It has been reported that BBR could ameliorate cisplatin-induced nephrotoxicity in mice, that might be through the reduction of histopathological damage, renal functional markers, oxidative stress, cell death signals, and NF-κB activation ([@b25-mmr-21-01-0258]). In addition, BBR have shown to protective and beneficial activities in various renal diseases such as diabetic nephropathy and renal dysfunction ([@b26-mmr-21-01-0258]). Based on many researches about beneficial effects of BBR on renal injury, BBR has been applied to clinical trials in human renal diseases, ands has been reported to alleviate the renal injury in type 2 diabetes mellitus ([@b27-mmr-21-01-0258]--[@b29-mmr-21-01-0258]). In addition to previous reports, our results suggest that BBR could be applied in urinary tract infection (UTI), such as cystitis and pyelonephritis. The most common cause of UTI is *Escherichia coli* ([@b30-mmr-21-01-0258]), and infection spreads from the bladder to the kidneys and collecting systems ([@b31-mmr-21-01-0258]). Therefore, we suggest that BBR inhibits LPS-infected renal inflammation, especially in UTI.

Collecting duct system of the kidney is a renal tubular segment and plays a role in the reabsorption of filtered water (\~15%). A key feature of the collecting duct is water reabsorption through hormonal regulation in an autocrine/paracrine manner ([@b32-mmr-21-01-0258]--[@b40-mmr-21-01-0258]). For instance, vasopressin, also called as antidiuretic hormone (ADH), affects osmotic water permeability and increases water reabsorption in IMCD cells ([@b35-mmr-21-01-0258]). Hence, most reports of IMCD have been in the context of regulation of water homeostasis such as osmotic water, urea, and electrolyte permeability ([@b35-mmr-21-01-0258],[@b41-mmr-21-01-0258]--[@b44-mmr-21-01-0258]). However, because many renal diseases are accompanied by inflammatory mediator production as well as water imbalance ([@b45-mmr-21-01-0258]), it is very important to identify the underlying patho-physiology of inflammatory responses in renal diseases. Thus, regulation of inflammatory mediators could be key in the treatment of renal diseases. Through this study, we propose BBR as a beneficial agent in managing renal inflammation.

Toll-like receptor 4 (TLR4), a transmembrane receptor, belongs to the super-family of pattern recognition receptors (PRRs). Generally, a well-known function of TLR4 is recognition of exogenous molecules from pathogens-associated molecular pattern molecules (PAMPs) and/or damage-associated molecular pattern molecules (DAMPs), which is released upon cellular or tissue damage. TLR4 existed in many cells such as endothelial cells, myocytes, thyroid cells, endometrial cells, mesangial cells, and adipocytes ([@b46-mmr-21-01-0258]--[@b51-mmr-21-01-0258]). We and other researchers identified the expression of TLR4 in IMCD cells ([@b2-mmr-21-01-0258],[@b5-mmr-21-01-0258],[@b8-mmr-21-01-0258]). When TLR4 ligand such as LPS binds to TLR4, pro-inflammatory mediators such as iNOS, COX-2, IL-1β, IL-6, and TNF-α are up-regulated ([@b5-mmr-21-01-0258]). As these inflammatory mediators released from collecting duct cells could trigger renal injury and inflammation, inhibition of inflammatory mediators in collecting duct cells might be important ([@b5-mmr-21-01-0258]). In this study, BBR treatment inhibited TLR4-mediated elevation of inflammatory mediators such as iNOS, COX-2, IL-1β, IL-6, and TNF-α in LPS-treated mIMCD-3 cells, which suggests that BBR attenuated local inflammation in collecting duct cells ([Figs. 1](#f1-mmr-21-01-0258){ref-type="fig"} and [2](#f2-mmr-21-01-0258){ref-type="fig"}).

In this study, we examined whether activation of NF-κB could regulates the inflammatory mediators. NF-κB belongs to a family of dimeric transcription factors and participates in numerous biological procedures, including immune responses, inflammation, cellular differentiation, proliferation, and survival ([@b52-mmr-21-01-0258]--[@b55-mmr-21-01-0258]). NF-κB activation, followed by LPS treatment, results in induction of cytokines (IL-1, IL-6, and TNF-α) and inflammatory enzymes (iNOS and COX-2) ([@b56-mmr-21-01-0258]--[@b58-mmr-21-01-0258]). Thus, negative regulation of NF-κB might be responsible for inhibition of inflammatory mediators. Our findings showed that BBR treatment inhibited the degradation of Iκ-Bα and translocation of NF-κB into the nucleus after LPS treatment, suggesting that BBR inhibited the activation of NF-κB ([Fig. 3](#f3-mmr-21-01-0258){ref-type="fig"}). In addition, to examine whether NF-κB activation after LPS leads to production of inflammatory mediators in mIMCD-3 cells, we investigated the production of inflammatory mediators after NF-κB inhibition by 3 well known inhibitor such as NAC ([@b59-mmr-21-01-0258],[@b60-mmr-21-01-0258]), Bay 11-7082 ([@b61-mmr-21-01-0258],[@b62-mmr-21-01-0258]), and Parthenolide ([@b62-mmr-21-01-0258]). As expected, the inhibitors showed the inhibitory effects on NF-κB activation in our mIMCD-3 models ([Fig. S2](#SD1-mmr-21-01-0258){ref-type="supplementary-material"}). The inhibition of NF-κB by NAC, Bay 11-7082, and Parthenolide significantly inhibited the production of inflammatory mediators ([Fig. 4](#f4-mmr-21-01-0258){ref-type="fig"}), which suggest that BBR has anti-inflammatory effects mainly through NF-κB deactivation in LPS-exposed mIMCD-3 cells. Some previous researches have reported that BBR inhibits inflammatory mediators and NF-κB signaling in various different disease models ([@b19-mmr-21-01-0258],[@b63-mmr-21-01-0258]--[@b67-mmr-21-01-0258]). However, there is no report that BBR could have anti-inflammatory and protective effects in LPS-exposed inner medullary collecting duct (IMCD) cells. In this study, we firstly reported that BBR has protective effects upon LPS-induced inflammation by downregulation of NF-κB pathway in mouse IMCD-3 cells.

In summary, we firstly revealed that the anti-inflammatory effects of BBR via deactivation of NF-κB in LPS-stimulated mIMCD-3 cells. Our results suggest that BBR might be a potential and beneficial drug in renal injury. However, the current data are not sufficient to explain the beneficial effects of BBR in *in vivo* renal injury systems. Therefore, further studies in this area would be needed.
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![Cytotoxicity of BBR and inhibitory activity of BBR on iNOS and COX-2 production in mIMCD-3 cells. (A) mIMCD-3 cells were incubated with BBR (0.05, 0.1, 0.5, 1 or 10 µM) for 24 h. Subsequently, an MTT assay was performed to evaluate cytotoxicity of BBR. mIMCD-3 cells were incubated with BBR (0.1, 0.5 or 1 µM) for 1 h. Subsequently, cells were exposed to LPS (5 µg/ml) for 3 h (iNOS) and 1 h (COX-2). mRNA levels of (B) iNOS and (D) COX-2 were evaluated by reverse transcription-PCR. Protein levels of (C) iNOS and (E) COX-2 were measured by western blotting. Results are presented as the mean ± SEM of at least three independent experiments. \*P\<0.05 vs. control; †P\<0.05 vs. LPS alone. BBR, berberine; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2; mIMCD-3, mouse IMCD-3; LPS, lipopolysaccharide.](MMR-21-01-0258-g00){#f1-mmr-21-01-0258}

![Inhibitory effects of BBR on pro-inflammatory cytokine production in mIMCD-3 cells. mIMCD-3 cells were incubated with BBR (0.1, 0.5 or 1 µM) for 1 h. Subsequently, cells were exposed to LPS (5 µg/ml) for 1 h (IL-1β and TNF-α) and 24 h (IL-6). mRNA levels of (A) IL-1β, (B) IL-6 and (C) TNF-α were evaluated by reverse transcription-PCR. Protein levels of (D) IL-1β, (E) IL-6 and (F) TNF-α were evaluated by ELISA. Results are presented as the mean ± SEM of at least three independent experiments. \*P\<0.05 vs. control; †P\<0.05 vs. LPS alone. BBR, berberine; mIMCD-3, mouse IMCD-3; LPS, lipopolysaccharide; IL, interleukin; TNF-α, tumor necrosis factor-α.](MMR-21-01-0258-g01){#f2-mmr-21-01-0258}

![Inhibitory effects of BBR on the NF-κB and MAPK pathways in mIMCD-3 cells. (A) mIMCD-3 cells were pre-treated with BBR (1 µM) 1 h before LPS (5 µg/ml) treatment. The expression of TLR4/MD-2 complex was detected after 24 h LPS treatment by flow cytometry. mIMCD-3 cells were incubated with BBR (1 µM) for 1 h. Thereafter, mIMCD-3 cells were harvested after LPS (5 µg/ml) stimulation for 0, 15, 30 or 60 min. Western blotting was performed to demonstrate that BBR could inhibit (B) Iκ-Bα degradation and (E) MAPK phosphorylation in mIMCD-3 cells. (C) Immunofluorescence staining was performed to evaluate BBR could inhibit NF-κB translocation from cytosol to nucleus in mIMCD-3 cells. NF-κB p65 was stained with AlexaFluor 568 (red) and Nucleus was stained with DAPI (blue) in mIMCD-3 cells. (D) Binding activity of NF-κB p65 from mIMCD-3 cells was measured using the Trans AM NF-κB p65 assay kit. \*P\<0.05 vs. saline + LPS 0 min; †P\<0.05. Figure shows a representative image from three independent experiments. Scale bar, 10 µm. BBR, berberine; mIMCD-3, mouse IMCD-3; LPS, lipopolysaccharide; Iκ-Bα, inhibitory κ-Bα; NF-κB, nuclear factor-κB; TLR4, toll-like receptor 4; NS, not significant.](MMR-21-01-0258-g02){#f3-mmr-21-01-0258}

![Reduction of pro-inflammatory molecules and cytokine expression by inhibition of the NF-κB pathway in mIMCD-3 cells. mIMCD-3 cells were incubated with 10 mM NAC, 5 5 µM Bay, and 10 µM Par, which is an NF-κB inhibitor/or BBR (1 µM) for 1 h. Thereafter, cells were exposed to LPS (5 µg/ml) for 3 h (iNOS), 1 h (COX-2, IL-1β and TNF-α), and 24 h (IL-6). mRNA levels of (A) iNOS, (B) COX-2, (C) IL-1β, (D) IL-6 and (E) TNF-α were evaluated by reverse transcription-PCR. Results are expressed as the mean ± SEM of at least three independent experiments. \*P\<0.05 vs. control; †P\<0.05 vs. LPS alone. NF-κB, nuclear factor-κB; mIMCD-3, mouse IMCD-3; NAC, N-acetylcysteine; Bay, Bay11-7082; Par, Parthenolide; BBR, berberine; LPS, lipopolysaccharide; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2; IL, interleukin; TNF-α, tumor necrosis factor-α.](MMR-21-01-0258-g03){#f4-mmr-21-01-0258}
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